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Chromized and chrome-aluminized coatings, applied to 2.25 Cr-l Mo 
and 9 Cr-l Mo steel substrates by a pack-diffusion process, are being 
considered for advanced heat eKchanger (heat recovery) systems of coal 
gasifiers [1]. The materials used in this application must have good 
corrosion resistance and high mechanical strength for prolonged operation 
at high temperatures (up to 6500 C) in the presence of aggressive gas 
mixtures. The combinat ion of coatings of oxide-forming elements such as 
Cr and At (which protect against corrosion) and low-alloy steels (which 
provide mechanical strength) is economically attractive. The pack-
diffusion process is well suited to the application of these coatings to 
large, complex-shaped components of heat exchangers. 
Nondestructive evaluation (NDE) methods must be developed for 
characterization of as-received coatings relative to acceptance criteria, 
and for field inspection. A candidate NOE technique should be capable of 
detecting fine cracks, inclusions, voids, and Cr/At concentration profiles 
[2]. The defect sizes are on the order of tens of micrometers and there-
fore require high spatial resolution. The NOE technique must be adaptable 
to complex (particularly tubular) surfaces and varying surface conditions 
(up to several tens of mlcrometers of surf ace roughness). Thermal-wave 
imaging technique reported in this paper was investigated because of its 
high resolution capability, generally noncontacting nature, and 
adaptability to complex surfaces. 
PROBLEM DESCRIPTION ANO ANALYSIS 
The nature and complexity of the problem can be explained with the 
cross-sectional micrograph of an as-received chromized steel sample shown 
in Fig. la [3]. Oxide particles and a layer of thin voids are seen beneath 
the surface; these are generally acceptable provided they are not 
interconnecting. Cracks should be absent. Surface-breaking cracks, for 
example, can provide reactive gaseous species easy access to inner regions 
of the coatings, where accelerated corrosion may occur. Figure lb shows 


















Fig. 1. (a) Cross-sectional micrograph, and (b) chromium concentrat ion 
profile of an as-received chromized steel. 
(a) 
(b) 
be in excess of 200 ~m. The coated samples are in the form of 21-mm OD 
tubes, with surface roughness, in the range of 50-80 ~m, that resulted from 
machining and the pack diffusion process. 
The thermal property values of the constituent materials in chrome and 
chrome-aluminized steels are summarized in Table 1. Using the approach of 
Bennett and Patty [4], the calculated thermal-wave reflection coefficients 
at the interface between Cr/steel, At/Cr, At/steel, and Cr/air are re-
spectively, 0.06, 0.48, 0.53, and 0.999. Thus the thermal mismatch between 
Cr and steel in a chromized steel is small compared to that between At and 
Cr or AJ. and steel in a chrome-aluminized steel. This was evident '''hen, 
early in the project, we subjected these samples to photoacoustic experi-
ments with slanted slots. In these experiments, thermal-wave penetration 
appeared smaller in chrome-aluminized steel than in chromized steel. 
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Table 1. Thermal Properties of Constituent Materials in Chrome and 
Chrome-aluminized Steels 
Thermal 
Thermal Specific Diffusion 
Density Conductivity Heat Length at 
Material (g/cm3) (cal/s cm °C) (cal/g °C) 100 Hz (1llIl) 
AR. 2.7 2.37 0.215 557 
Cr 7.2 0.22 0.110 296 
Steel 7.8 0.14 0.122 219 
(21 Ni Cr Mo2) 
Air 1.2 x 10-3 62.6 x 10-6 0.240 266 
A detailed thermal analysis of these materials is made difficult by (1) 
the graded nature of the coating (the concentration of the coating element 
varies with depth), (2) the absence of a clear interface between the coat-
ing and the substrate, (3) the presence of a layer of small voids beneath 
the surface, and (4) surface roughness. Although one could proceed by 
modeling the coating structure with a multilayer model [5), the validity of 
such a model would be questionable since the thermal-property changes of 
the coating W'ith respect to depth are not known. Instead, an experimental 
determinat ion of the coating-related thermal-wave response can be obtained 
by normalizing the frequency response of the signals between coated and 
uncoated samples. Figure 2 shows the normalized photoacoustic magnitude 
response of a chromized coating, in which the frequency responses of the 
gas cell, microphone, and lock-in amplifiers used in the data acquisition 
are cancelled out by dividing the magnitude response of the coated sample 
by that of an uncoated sample. There appears to be a thermal-wave 
interference from the coating in the frequency range of 150-400 Hz. A 
correlation of this result with the coating features, however, remains to 
be determined. 
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Fig. 2. Normalized thermal-wave response of the chromized coating. 
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EXPERIMENTAL EVALUATION 
The usefu1ness of the therma1-wave technique for studying these 
coatings was eva1uated under simp1ified conditions by dri11ing a slanted 
(~450) subsurface ho1e, as shown in Fig. 3. The dri11 a1most pierced the 
surface, making a bump on the top. Fortuitous1y, it a1so produced a 
network of fine, surface-breaking cracks on and around the bump. Thus thE 
ho1e serves as a test bed for both surf ace and subsurface features. 
High Frequency lmages 
The experimental arrangement used for therma1-wave imaging consists of 
an acousto-optic modulated Ar+ laser for generation of therma1 waves, a 
gas ce1l for detection of thermal waves, and a translation system for 
point-by-point scanning. Three types of images are produced in each 
scan: (1) a scanned optical image from specular1y ref1ected 1ight at the 
samp1e surface, (2) a photoacoustic magnitude image, and (3) a photo-
acoustic phase image. Figure 4a shows the therma1-wave images of a 
2 x 2-mm bump-containing area at a modulat ion frequency of 7310 Hz. 
Details, such as cracks on top of the bump and machining marks on the 
samp1e surface, are seen in al1 three images but show up more c1ear1y in 
photoacoustic images. In addition, the photoacoustic images show an arc of 
cracks on the right side of the bump; these cracks are not seen in the 
scanned optica1 image. 
In the interest of achieving a better signal-to-noise ratio, the laser 
power was increased to a 1evel where the samp1e surface was scorched. We 
were just at the threshold of scorching since, on our curved surface, only 
the part where the laser was wel1 focused became scorched. An estimate of 
the power density at which scorching occurred is 2.5 GW/m2• It is 
interesting to compare the thermal-wave images before and after 
scorching. Figure 4b shows 8000-Hz images of the bump area after 
scorching. A dramatic change is seen in the photoacoustic images of the 
top of the bump, indicating material damage in this area by laser 
heating. The arc of cracks on the right side of the bump now a1so shows up 
in the scanned optica1 image because the cracks trap the heat more 
efficient1y, whlch resu1ts in burn marks. Therefore, it appears that if 
one scans the samp1e with appropriate laser power, the surface-breaking 
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Fig. 3. Drilled subsurface hole~45°. 
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Fig. 4. High-frequency thermal-wave images, (a) before scorching and 
(b) after scorching. 
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Low-frequency Images 
Since the therma1 diffusion 1ength is inverse1y re1ated to the square 
root of the modu1ation frequency, the latter was continua11y decreased so 
that the subsurface ho1e on the 1eft side of the bump cou1d be imaged. 
Figure 5 shows a series of therma1-wave images at modu1ation frequencies of 
1000, 777, 583, 417, 278, 167, 85, 41, 23.6 and 0.5 Hz. The ho1e starts 
showing up on the left side of the bump at approximate1y 583 Hz and the 
image of the ho1e expands progressive1y as frequency decreases (i.e., as 
penetration depth increases). Use of frequencies 10wer than 23.6 Hz 
resu1ted in poor signa1-to-noise ratiosj however, at 0.5 Hz, the brighter 
region on the 1eft side of the image indicates therma1-wave reflections 
from the back wa11 of the 1-mm-thick fema1e . joint. As expected, the phase 
images show more depth of penetration than the magnitude images [6]. The 
circular fringe pattern seen in the en1arged images is reminiscent of the 
edge effect [6]. 
Comparison with an Acoustic Microscopy Image 
To corre1ate the features of the therma1-wave images with the real 
features of the ho1e, we must know precise1y the relative position, spatial 
extent, tip orientation, etc., of the ho1e with respect to the bump. 
Deferring the destructive testing (sectioning) of the samp1e, we tested the 
region of the ho1e with a SO-MHz acoustic microscope in a pu1se-echo 
mode. Keeping the foca1 point of the acoustic microscope between the wa1ls 
A and B of the fema1e joint shown in Fig. 3, we imaged a 4.096 x 3.84-mm 
area containing the ho1e. The resu1tant image is shown in Fig. 6. The 
ho1e is shown as a b1ack region in the midd1e of the picture. The edge 
joining the wa11s of the fema1e joint is a1so shown, with the ho1e fa11ing 
on both sides of the edge. In a separate experiment, the ho1e extended 
just to the right side of the bump (not shown in the picture). The total 
horizonta1 span of the ho1e area is about 2.1 mm, which agrees with the 
drawing in Fig. 3. The maximum horizonta1 span of the ho1e area in the 
23.6-Hz thermal image i8 only about 1.4 mm. ThU8 the slanted hole at 
23.6 Hz is not seen to its entire depth of 1 mm. At O.S Hz, as stated 
ear1ier, the therma1 wave appears to penetrate the entire 1-mm wa11 
thicknessj however, the ho1e is not we11 imaged, owing to 10ss of micro-
phone sensitivity and poor signa1-to-noise ratio at such 10w frequencies. 
The vertical span of the ho1e size in the 23.6-Hz therma1 images is about 
1.7 mm, which agrees with the drawing in Fig. 3. In Fig. 6, the detai1s of 
the acoustic image away from the horizonta1 strip of the midd1e white 
region are artifacts due to the curved geometry of the samp1e. 
CONCLUSION 
This paper reports resu1ts obtained from experiments that investigated 
the use of a therma1-wave technique for evaluating chromized steel tubes. 
By using a dri1led hole, we have established the usefulness of this 
technique for imaging surf ace and subsurface features of these coating 
materia1s. The use of this technique for deducing the chromium 
concentration profi1e in the coating materials requires detailed therma1 
modeling of the coating structure and knowledge of how the therma1 
properties of the coating change with depth. 
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Fig. 5. Sequence of thermal-wave images as the modulat ion frequency 
decreases, (a) 1000-85 Hz and (b) 85-0.5 Hz. 
1295 
Fig. 6. Acoustic microscopy image of the drilled hole. 
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